Evidence on the associations of birth weight and prepubertal nutritional status with menarcheal age for low-and middle-income countries is limited. We investigated these relationships using the 
Introduction
Menarcheal age, a key indicator of girls' reproductive maturity, is an important marker of health and social trajectories, and as such it is relevant to public health. 1, 2 Early menarche is associated with lower attained adult height and higher body mass index (BMI), [3] [4] [5] [6] [7] some cancers, 8 cardiovascular disease, 9 psychosocial disorders, 10, 11 and risky health behaviors, 11 with life course implications for health and socioeconomic outcomes for women and the next generation. 2, 12, 13 While the secular fall in menarcheal age in advanced economies has decelerated, 3, 14, 15 evidence points to steep declines in age at first menstruation in countries undergoing rapid health, economic, and social development. 16, 17 Genetics contribute 50-80% of the variation in menarcheal age, 2, 14 but modifiable factors, such as child anthropometrics, diets, socioeconomic conditions, endocrine disruptors, and chemical exposures, also have been investigated. 2, 5, 15, [18] [19] [20] A broad cross-sectional and longitudinal literature focuses on birth weight and postnatal nutritional status in predicting timing of menses. 18, 19, [21] [22] [23] [24] [25] [26] [27] Studies highlighted inverse relations between prepubertal BMI and/or height and menarcheal age, 5, 18, 26 as well as positive associations between birth weight and menarcheal age, 19, 21, 24, 25, 28 though with a few exceptions. 22, 23 Specifically, two studies, one using data from a British cohort and the other using data from a cohort in the United States (New York, NY), reported that birth weight was negatively associated with age at menarche once infant growth (as measured by changes in percentile ranks) was controlled for. However, the associations between menarcheal age and both birth weight and infant growth doi: 10.1111/nyas.13445 disappeared when controlling for prepubertal body size and composition in the UK cohort and were never statistically significant in the U.S. study. 22, 23 Inconsistency in these studies may be attributable to methodological differences, 2, 24 such as varying types of data employed (cohorts versus clinical studies), the periods of child development considered (e.g., infancy or early or mid-childhood), how nutritional status and its changes were measured (e.g., height and/or weight/BMI versus gender and age-standardized scores, changes in ranks versus differences in height and/or weight/BMI, or Z-scores from one period to another), and the relatively small sample sizes of some studies. Another limitation is the focus of most literature on Caucasian samples from high-income countries, 2, 19, 27 with only two studies investigating these relations in multiethnic samples in the United States. 23, 29 For low-and middle-income countries (LMICs), evidence has suggested that stunting delays puberty, 14, [30] [31] [32] though few studies have investigated birth weight as a marker for prenatal influences. 18, 33 The mechanisms for the influence of birth weight and postnatal nutrition on menarche are complex but possibly mediated by interactions between environmental exposures and genetics. 15, 19 Limited research on LMICs hampers generalization of the existing literature to contexts characterized by maternal and child malnutrition (as opposed to overnutrition, which constitutes a key focus of the literature in high-income countries) and rapid shifts in environmental predictors like diets and urbanization. 34, 35 We addressed this gap by examining longitudinal associations of birth weight and prepubertal nutritional status on earlier menarche in India, Peru, and Vietnam. This is the first study to assess these relations across such economically, socially, and ethnically diverse cohorts.
Materials and methods
Data came from the Indian (Andhra Pradesh, Telangana), Peruvian, and Vietnamese Young Lives (YL) samples. Within each country, YL randomly recruited ß2000 children (approximately half girls) born in 2001-2002 from 20 sentinel sites. The first data collection occurred shortly after recruitment (at age ß1 year), and subsequent survey waves followed children prospectively in 2006, 2009 , and 2013 at approximate ages 5, 8, and 12 years, respectively. In each household, only one child of the target age was recruited at baseline. Sites reflected the variety of each country's socioeconomic and agroclimatic contexts. In each round, trained field personnel collected detailed data on girls and their households. Parents gave informed consent at enrollment and each subsequent round, and older children gave their assent. Consent, sampling, and related information is reported elsewhere. 36 This research was approved by the University of Pennsylvania institutional review board and conformed to the principles embodied by the Declaration of Helsinki. Initially, the ethics committees of the Instituto de Investigación Nutricional and London School of Tropical Hygiene and Medicine approved the YL study in Peru and globally, respectively. Later, the IRB boards from the University of Oxford and the other countries' lead institutions approved the project (for further information on ethics: http:// www.younglives.org.uk/content/research-ethics).
Study measures
Our main outcome was menarcheal age (in years) as assessed in 2013 (round 4, ß12 years). Adolescents were asked to report whether menarche had occurred and at what age in years if applicable. No further information about menarche (e.g., exact date of menarche or month/season) was elicited. Birth weight was copied from birth certificates, if available. If the birth certificate was not available, information from other documents, such as vaccination or other health records, was copied, as long as it was originally recorded within 1 week of birth (although the exact date at which the weight was taken, and hence age in days of the baby at the time, was not known). In these cases, the birth weight was recorded as "documented," but the type of birth weight documentation was not specified. If there was no documentation, then the mother's report of birth weight was recorded and coded as "not documented." Birth weight Z-scores (BWZ) were calculated for all girls, and height-for-age Z-scores (HAZ) and BMI-for-age Z-scores (BMIZ) at about age 8 years (in round 3) were calculated using World Health Organization international reference standards and the girls' ages in months. 37, 38 Analyses A conceptual model based on the reviewed literature, linking birth weight and postnatal nutrition with age at menarche, underlies our analysis (Fig. 1) . Weibull survival models estimated hazard rates of menarche by ß12 years in relation to BWZ, HAZ, and BMIZ at 8 years. Premenarcheal girls were censored. Hazard ratios (HRs) for earlier menarche are reported. Weibull multivariate models included, as potential confounders dichotomous variables for first-born children and for urban residence at ß1 year; maternal height, maternal age at girl's birth, and maternal schooling; binary indicators of girls' previous-day consumption of fruits and vegetables, meat and fish, eggs, legumes, and milk and dairy at 8 years; and household socioeconomic status (SES) at 8 years, a composite wealth index (range 0-100) including service access, housing quality, and asset ownership. In fully adjusted models, changes in HAZ and BMIZ between 1 and 8 years were included. HAZ at 1 year was adjusted for age. 39 Pooled-sample estimates included country indicator variables. We conducted a range of checks to assess the robustness of our findings. We used Stata 13.1 for all analyses.
Results
Of 2931 girls (India: 934; Peru: 1025; and Vietnam: 972), 2120 girls had birth weight data (India: 402; Peru: 878; and Vietnam: 840). Girls with birth weight data tended to be urban, to be from higher SES families, to have better baseline nutritional status (P < 0.001), and to be more likely to have had menarche by ß12 years (P < 0.001). Birth weight was obtained from birth or other health record documentation for 44% of the pooled sample (India: ß52%: Peru: ß66%; and Vietnam: ß18%). Of the girls with birth weight data, 119 (5.2%) were lost to follow-up by round 4, so our analytical sample was 2001 girls (India: 379; Peru: 814; and Vietnam: 808). Lost-to-follow-up girls were more likely to be urban (P < 0.01) at age ß1 year, with no differences by wealth index, birth weight, or maternal education (available upon request).
Menarche information was available for almost all girls interviewed at round 4, with only five exceptions (India: 1; Peru: 1; and Vietnam: 3). By age 12 years, 32% (n = 638) had experienced menarche ( Table 1 ), but menarcheal age was missing for 13 of these girls (India: 3; Vietnam: 10). Table 1 presents descriptive statistics by occurrence of menarche by age ß12 years. With some cross-country variation, girls who had menarche were generally slightly older, lived in urban areas and higher-SES households, and were more likely to have consumed animal-source protein and fruits and vegetables the previous day. While there were no significant differences in BWZ, postmenarche girls appeared to be on higher HAZ and BMIZ trajectories from an early age. Correlations among HAZ, BMIZ, and BWZ were in the 0.23-0.27 range (P < 0.001). Although our key measures were correlated, implying some degree of overlap in their predictive power, the fact that they were only moderately correlated pointed to some degree of independent predictive power for HAZ, BMIZ, and BWZ in their associations with menarcheal age.
We estimated models sequentially to test the predictive powers of BWZ, HAZ, and BMIZ at 8 years and childhood gains in HAZ and BMIZ. Higher BWZ was associated with lower hazard of early menarche only when HAZ and BMIZ at 8 years were included (HR = 0.90, 95% CI: 0.83-0.97) ( Table 2 , column 3). Greater HAZ (HR = 1.68, 95% CI: 1.54-1.83) and BMIZ (HR = 1.32, 95% CI: 1.23-1.42) at 8 years increased hazards of earlier menarche. Covariate adjustments (column 4) and changes in HAZ and BMIZ between 1 and 8 years did not affect these findings. Changes in HAZ and BMIZ were not associated with menarcheal age (column 5).
Earlier menarche was predicted by household SES (HR = 1.01, 95% CI: 1-1.02) and urban residence (HR = 1.26, 95% CI: 1.01-1.57). No dietary factors were associated with menarcheal age. Girls with shorter and younger mothers had higher earlier-menarche hazards, as did Peruvian and Vietnamese girls (compared with Indians). Girls from Note: Differences in means of continuous variables were assessed using t-tests, while differences in proportion in binary variables were assessed with 2 tests.
higher-SES households and who were living in urban areas at young ages were also more likely to have their first menstrual period earlier. Results were unchanged if birth weight, height, and BMI (and changes in height and BMI) were included instead of Z-scores (Table S1 , online only); similarly, they were robust to alternative model specifications based on logistic regression for odds of menarche (available upon request). Estimates were also robust to inclusion of changes in height and BMI between 1 and 5 years and between 5 and 8 years, with no differences noted by age period (available upon request).
Separate-country models yielded findings consistent with pooled-sample estimates, though with some cross-country variation (Table S2) . As an additional robustness check, we investigated whether having birth weight documentation (available for 44% of the sample), as opposed to reported birth weight, might have affected our estimates. Table S3 reports the results of Weibull survival models for the pooled sample stratified by the availability of birth weight documentation. Models 1-3 present the results of the survival models where birth weight is the only predictive factor, whereas models 4-6 report the estimation results for the adjusted models in which birth weight is considered alongside prepubertal body size (BMI and HAZ) and child, maternal, and household covariates. While the magnitude of the birth weight coefficient did not vary significantly in the stratified models, its estimation did lose precision in the subsample without documented birth weight. Nonetheless, the coefficients for HAZ Note: *** P < 0.01, ** P < 0.05, * P < 0.1. Model 1 includes birth weight Z-scores; model 2 includes prepubertal HAZ and BMIZ; model 3 includes birth weight Z-scores, HAZ, and BMIZ; model 4 includes birth weight Z-scores, HAZ, and BMIZ and adjusts for the following covariates: girl is first child; maternal height in cm; maternal age at girl's birth; maternal education in years; urban location at age 1 year; socioeconomic status at 8 years; binary indicators of girls' previous-day consumption of fruits and vegetables, meat and fish, eggs, legumes, and milk and dairy at 8 years. Model 5 builds on model 4 and includes the differences in BMIZ and HAZ between 1 and 8 years. All models include country dummies, with India as the reference country.
and BMIZ remained robust (P < 0.01) in these models. Log-rank tests failed to reject the hypothesis of equality of the survival functions between the undocumented and documented subsamples (P = 0.447). Model 7 tested whether the predictive role of birth weight documentation availability varied by country (as there was considerable variation across the three countries in the share of girls who had birth weight documentation); we did not find evidence of significant differences by country. Finally, to investigate further issues of potential collinearity between BMIZ (that takes height into account) and HAZ beyond bivariate correlations, we ran additional models in which BMIZ and HAZ were separately included as predictors and where BMIZ was substituted with weight-for-age Z-scores (WAZ), which do not take height into account. We did not find evidence of collinearity between BMIZ and HAZ affecting the coefficient estimates of either when examining them separately. Similarly, the coefficient for WAZ was very similar to that of BMIZ (available upon request).
Discussion
Birth weight and postnatal nutritional status may affect the onset of menses in multifaceted and context-specific ways. 19, 25 We explored these relationships with data from contemporaneous Indian, Peruvian, and Vietnamese cohorts. Our findings highlighted the opposite associations of birth weight versus prepubertal HAZ and BMIZ with earlier menarche hazards. Girls heavier at birth experienced later menarche, while girls with greater prepubertal height and BMI had earlier menarche, consistent with previous studies, which are primarily from high-income contexts. 18, 19, 21, 24, 25, 28, 29 Biological causes for these findings are still uncertain. 2, 19, 27 Menarche, a milestone event that marks the transition from childhood to sexual maturation and adolescence, is, together with previous stages of pubertal development, regulated by the hypothalamic-pituitary-gonadal axis. 2 A recent review points to activation of the hypothalamicpituitary-gonadal axis that occurs in utero until the first months after birth and its reactivitation at the start of puberty after a quiescent period during childhood. 2 At present, understanding of the exact mechanisms that lead to the reactivation of the hypothalamic-pituitary-gonadal function is incomplete, but the available evidence points to a complex and dynamic interplay of genetic, nutritional, metabolic, and environmental factors. 2, 14, 20 Leptin, insulin, and other hormones have also been hypothesized to play roles in accelerating pubertal onset, leading to earlier menarche, as their concentrations are higher in overweight/obese girls. 2, 5 Consistent with this literature, we found an association between prepubertal adiposity, for which BMI is a surrogate marker, and earlier menarche. 2, 5, 15, 40, 41 The literature has also highlighted the role of prepubertal skeletal maturity, in addition to adiposity, for menarcheal timing. 5, 29, 42 We proxied skeletal maturity with HAZ and found that HAZ at ß8 years had strong and independent predictive power, pointing to the importance of both HAZ and BMIZ for menarcheal timing. Menarcheal age was not associated with changes in height and BMI between ages 1 and 8 years, suggesting that attained prepubertal size (height and weight), rather than prior growth, was the key predictor of timing of menarche in our sample.
This study was the first to comparatively assess predictive roles of birth weight and postnatal nutrition on menarcheal age using large crosscountry and multiethnic cohorts, previously a gap in the literature. 2, 19, 27 Our evidence was consistent across these ethnically diverse samples living in distinct socioeconomic and agroclimatic communities, though with variation in estimated magnitudes. Similar variation in magnitude was observed in multiethnic cohorts from the United States. 23, 29 Differences in magnitude in our case may be partly attributable to cross-country disparities in genetics and environment.
This study also contributed to the understanding of the influence of environmental and intergenerational factors on timing of menarche in LMICs, which are currently not well characterized. 43 Prior evidence is scarce, with studies from a (mostly urban) Filipino sample 18 and a low-income, black metropolitan South African population. 33 We expanded this literature by examining variation in menarcheal age across urban/rural areas, SES, maternal characteristics, girls' diets, and other potential predictors in three countries. Consistent with previous literature, we found that urban residence and higher SES were associated with earlier onset, 17, 18, 22, 23 although the small magnitude of the household SES coefficient dismisses a strong association with menarche once other child, maternal, and household variables were taken into account. The limited size of the estimated SES coefficient may also reflect the scaling of the variable we used in this analysis (a 100-point scale, ranging from 1 to 100). Additional estimates that we conducted suggested that a one-standard deviation increase in SES would increase the risk of earlier menarche by 20 percent.
Higher maternal height, a proxy in part for genetic endowments and maternal early-life nutrition status, and older age at childbirth were associated with later menarche, highlighting roles of maternal factors. 18, 33, 43 Previous research has suggested that earlier age at menarche is an intergenerational marker of a faster growth tempo, characterized by rapid gains in weight and height during infancy and childhood, leading to taller childhood stature, but also increasing the chances of earlier menarche and, consequently, of shorter adult stature. 44 Unfortunately, we did not have data on maternal menarche or parental timing of pubertal maturation, which constitute strong determinants of age of pubertal development for the next generation. 45 Without information on maternal menarcheal age, we could not verify maternal age at first menstruation as an independent risk factor for daughters' age at menarche, as a number of studies had previously reported. 18, [44] [45] [46] The associations between diet and the onset of menses were evaluated but were not shown to be confounders or mediators, in contrast to some previous evidence. 15 Higher animal protein intakes in mid-childhood were associated with earlier menarche in two contemporaneous cohorts in Germany, 47 the United Kingdom, 48 Colombia, 49 and Iran, 50 while vegetable protein intakes were positively associated with menarcheal age in the same German cohort. 47 A study from a smaller sample in Boston, Massachusetts reported similar results for (energy-adjusted) animal and vegetable protein. 51 In contrast to these studies, which included detailed dietary assessments, we did not have individual food frequencies over a period or quantitative dietary intakes, 35 and this may have weakened our capacity to evaluate the relationship between diets and age at first menstruation in our sample.
This study also broadened the literature on roles of BMI in accelerating menarche by examining this relation in high-undernutrition contexts characterized by a contemporaneous trend toward increased overweight and obesity rates. 34 Overweight/obesity (BMIZ ≥1SD) prevalence at age 8 was 15% in our sample (India: 3%, Vietnam: 10%, and Peru: 25%), comparable to the South African cohort 52 but lower than the prevalence in advanced economies. 53 Although the roles of minimum weight and adiposity thresholds have been established in the literature as critical preconditions for the start of puberty and accelerating the onset of menarche, 15,54-56 we used BMIZ rather than WAZ as our key marker for adiposity. Nonetheless, the robustness checks we conducted did not point to strong differences in the predictive power of the two variables or to strong collinearity between BMIZ (which takes height into account) and HAZ. We did not have data for all the study countries on abdominal circumferences, which may have served as an additional measure of prepubertal adiposity, 41 or for weightfor-height Z-scores, as the international reference standards are not available for school-age children for this specific measure. 57 In the future, we aim to study the relationship between abdominal circumference in childhood and menarche in the case of Peru, which is the only YL country in which this information was collected. A further limitation of this study is lack of birth length data, which precluded assessment of relations between different birth weight/length combinations and menarcheal age 18, 24 and in-depth examination of infant growth and weight gains. 22, 23, 33 Similarly, lack of gestational age data precluded examining prematurity as a marker for impaired prenatal environment. 18, 33, 58 Another limitation is a reduced sample size due to missing birth weight data.
Furthermore, as there may be systematic differences between birth weights reported by mothers and verified by birth or health cards, 59 ,60 we conducted sensitivity checks to assess whether the availability of birth weight documentation for only 44% of the sample may have affected our estimates. We found that the estimated survival functions between the documented and undocumented subsamples were statistically not different, and the predictive role of birth weight documentation did not vary by country. However, the estimates of the birth weight coefficients were less precise for girls who lacked birth weight documentation, which may be due to the measurement errors in the reported measures of birth weight. The potential biases stemming from maternal reported birth weight as compared with health documentation have been highlighted in recent research conducted in a sample of LMICs. 59 Specifically, memory-recalled birth weights tended to overrepresent specific values and the extremes of the weight distribution as compared with birth weights from health cards, although, for some of the countries analyzed (including India), there were no strong differences between recalled birth weight and health cards. Another limitation that we could address with the available data pertains to whether the birth weight recorded from documentation was the weight at birth or the weight within the first week. Differing time points of measurement could introduce measurement error to our estimates, as babies tend to lose their birth weight in the first days after their birth before gaining it back, with some variation in the period of time it takes to regain birth weight. 61, 62 Although we believe our measure of proxy birth weight is probably more accurate than many other assessments conducted in LMICs (e.g., until recently, most global estimates of birth weight based on household surveys relied on maternal reported size of the baby as compared with other children rather than a continuous measure of weight 63 ), these issues reflect the challenges of measuring birth weight in contexts where a large share of births occur outside health facilities and without the supervision of professional health personnel. 59, 63 Although our rates of censored observations were similar to previous studies, 25, 58 future rounds of data will allow investigation that avoids censoring. Furthermore, they will allow inclusion of the Ethiopian sample (also part of the YL study) where, at round 4, almost no girl had experienced menarche. An additional limitation to the present study is that age at menarche was only reported in years, as in several previous studies, 22, 23, 41, [48] [49] [50] and no other information, such as date or month of menarche, was elicited, in contrast to longitudinal cohort studies from the Philippines 18 and Australia. 23 Information about the month and year of the first menstrual period would have allowed for the estimation of menarcheal age in months, which in turn would have enhanced the accuracy of our estimates. Furthermore, we could not investigate any seasonality in menarche in these very diverse contexts. In the Northern hemisphere, previous research suggested that menarche peaks in winter or summer as compared with autumn and spring. [64] [65] [66] We leave the investigation on the relationship between month and season at birth and age at menarche, which was also studied in the context of the Northern hemisphere, 66, 67 to future research. On the other hand, compared with other studies that asked adult women to retrospectively recall their age at menarche, often many years later, 23, 41 we anticipate that recall bias for menarcheal age in our data should be relatively lower, given the relatively short time span between the occurrence of menarche and the interview date. Hence, we conclude that the age in years reported should be relatively reliable. 41, 66, 68 Advantages of our data include low attrition rates and related bias through extensive tracking. 36 To reduce measurement error, birth weight/vaccination documentation was used when possible, 33 and body size measures were carefully assessed through double measurement. Care was devoted to ensure girls could answer potential culturally sensitive questions comfortably.
In LMIC contexts, where child malnutrition is widespread and adult height is associated with key educational, health, and economic outcomes 12 as well as with offspring health, 13 early menarche may be a concern. Studies from Europe have shown that constrained prenatal growth accelerates progression to menarche and shortens growth spurt durations, resulting in shorter final attained height. 27 The findings presented herein suggested that birth weight is predictive of later menarcheal age and thus increased exposure time to linear growth that results in higher adult height. This evidence highlighted the roles of both maternal and early-life factors, as captured by maternal height and growth in utero, as well as prepubertal physiological conditions, in predicting the menarcheal timing. Height and weight growth between birth and age 8 years appeared to be largely irrelevant--what mattered more (in addition to birth weight) was prepubertal body size. Thus, improving nutrition for pregnant women to ensure a healthy birth weight is important; interventions for postnatal infant and child nutrition should be geared toward healthy eating habits and lifestyles to avoid childhood overweight/obesity and to ensure that menarche does not occur prematurely. None of the funders had a role in the design, analysis, and writing of this article. The views expressed are those of the authors. They are not necessarily those of or endorsed by Young Lives, the University of Oxford, or the DFID. E.A., W.S., M.E.P., and J.R.B. contributed to the conceptualization, data interpretation, writing, and revision of this paper. E.A. conducted the data analysis.
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